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This- study provides- substant1at10n for the premise that hehcopters are more expensive to
buy and operate, than are flxed wmg a1rcraft Usmg the results of surveys performed by the
affxrmed that c1v1l hehcopter operators ‘are concerned about these costs. The operatorsput ~
"'d hehcopter 1mt1a1 costs as number 3 in aranking of 8

butlon of c»1vy11yhelrcopter_operator_.hfecyc_le costs is as.follows

Acqﬁisi’fié”ﬁ“ ) ’ B
Flight Personnel - 20.5%

Fuel" e s e )_ 111 %.‘ )

Insurance - S Y '

Maifi't:enance : . 300% et e

A more detailed. hreahout shows that four areas account for about 50% of life cycle cost:

i--"¢=§ﬂ1ght personnel fuel, engine mamtenance (turblne), and airframe structure production cost.

- As discussed in the report,éthere is little that can be done to reduce the cost impact of pﬂot

* “salaries, However; most of the other-areascan have theircosts reduced in two ways:" First;

. ’based on technology typified by the newer generation of helicopters such as the AS 350, S-76

.and B-222 and other available technology, life cycle costs should be about 17% lower. Secondly,
as a result of improvements which could result from the research programs recommended in

- this study, life cycle costs ”;c'oi;ld' be reduced by -almost 30%, compared to the ‘existing civil heli-

~ copter ﬂeeft;----This-résearclf-faﬂs-'in_to'-'seven»categories; listed -belowr: - e
1. Reduced Fuel Consumptlon S $144 Million 7 years
- 2. Engine R&M . : $100,000* 1 year
.3 Aiframe ProductionCost _ $2Million S years
- 4. Engine Productlon Cost R » $3 Million 5 years
5 Safety ' f . 2 6 Million 4 years
6. Rotor System Productlon Cost R ,;_:$2 Million 3 years
7 Advanced Transrn1ss1on ' e i _' - $9 M]_]_hon 7 years
rr i b v
em B o
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U mmm‘g 1 0 INTRObUCTION

The helicopter is one of man’s most rémarkable inventions. Not only can it fly like a con-
LR ..ventional ai:rpl,ane,- but-it-can take off-and land vertically, and hover stationary in mid-air. These
' " unique capabilities make it an ideal vehicle for transportation to remote places or for avoiding
alrports and for spec1al tasks reqmrmg the dehvery and placement of heavy or bulky 1tems

, mlles the*hehcopter is: the vehlcle of- ch01ce over an a1rplane, when time is of prime importance.
" This is due to its capability of offermg literally door-to-door service. Charter operators report
that when a helicopter is requested by a customer, it is frequently required on short notice,
-indicative of its time value; The hehcopter is also used almost exclusively for transportation

- of crews to ‘and from offshore oil platforms. In industrial use the helicopter is popular for the
placement of- ut111ty line- towers, buﬂdmg rooftop heating and air conditioning units, and in
tlmber loggmg operations. | Figure. 1 shows the distribution of hehcopter flying hours by type
“of use.

Naturally, it is to be expected that remarkable inventions cost more than others, and the
..conventional wisdom is. that helicopters.are.more.expensive.than fixed wing aircraft. This is
““due to the increased amount of machmery and mechanisms required in the transm1ss1on of
“ipower from the engine to. the rotor blade. This increased amount of hardware is found in the
transmissionis with their large fitifiber of gears anid bearings, the drive shafts, and the rotor hubs,
‘blades and controls. :

l 1 Acguisition C.ost

Helicopter"costs'can“he*evaluatedMin'"many'ways~ but-the two primary criteria are acquisi-
" tion cost and operating cost. The 1978 Planning and Purchasing Handbook published by
‘Business and Comrnercial Aviation Magazme (reference 2) was used as the source document
for a comparlson of helicopter and fixed wing acquisition costs. The helicopter data used in
- this analysis was comprised of the base prices of nine piston helicopters, seven single-engine
turbine helicopters-and eight. multi-engine turbine helicopters, for a-total of 24 data points.
" The airplane data consisted of the base prices of 18 single-engine aircraft, 11 multi-engine piston
_aircraft and 14 turboprop a1rcraft for a total of 43 data points. Turbocharged, pressurized and
_ turbojet/turbofan aircraft s were not mcluded in the analysis, since they represented optional-
. type features wh1ch mcreased the- base pr1ces of the aircraft without increasing the number of
. passenger. seats avallable A regression. analys1s was performed which correlated base price with
* number of passengers that could be carried.  This parameter was one of several which could
*:have been chosen such as passenger m1le perhour, but if passenger miles per hour were used
then thefixed" w1ng aireraft would have benefited since they c¢an generally fly faster. This
" would have required the computation of “door-to-door’’ time, in order to put the helicopters
...ion a par with airplanes, and would have made the analysis unnecessarily complex. Figure 2
' shows the resulting regression lines for base price as a function of the number of passenger seats.
: Based.on.this analysis, it appears.that for-aircraft with less than eight passenger seats, fixed wing
e »aircraf-t~ar-ergenerallyﬂ--less~~ex~pensive~-to buy than-helicopters.-Most helicopters fall into this -
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Figure 1. Percentages of civil Héiiééﬁter ﬂymg hours l;y type of ﬂymg
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. fllustrate a general relat1onsh1p

: flxed wmg a1rcraft._ It should be pomted out_that there isa large spread in prxces for any g1ven
number of passenger seats, especially for airplanes, and there are cases, for example, where a
four passenger helicopter can-cost less'than a four passenger airplane. However, Figure 2 does

The source da zed, and this t1me a regression analysis was performed
vwhich correlated “base price with useful weight. Figure 3 shows the resulting regression lines -

-2 for base price as-a function-of useful weight. This figure clearly shows that for any.given amount

"of useful weight, fixed wing aircraft are less expensive to buy than helicopters, and supports the

- popular op1n1on of h1gh hehcopter cost

1.2 Operating Cost

The second parameter for evaluatmg hehcopter economics is operating cost. Data to sup-
" port the hypothesis that hehcopters are more expensive to operate than airplanes is slightly

» _.more diffictlt to" gather.” A1rcraft manufacturersreadily publish base prices for their products

-and in many cases operating costs.- However due to the manufacturer’s inherent bias for his

. .own product, and the fact'that different techmques for calculating operating costs may be used,
- manufacturers est1mated operatlng costs are not su1table for use.

A tradltronal source’ of operating cost- data is the-U. S. military, but care must be taken to
' msure that consistent methods of calculation were used and this can be difficult when data

..from different branches of the mlhtary are used. Figure 4 shows a comparison of operating

costs per flight hour based on U.S. Army field expenence Hehcopters are compared with
‘fixed wing aircraft on a dollars per flight hour versus aircraft weight empty basis. All of the

' édata were- taken from-the.U.S. Army-Aviation Planning Manual (reference 3), and the costs in-
" “clude field and depot parts and labor, and POL (petroleum, oil and lubricants). Although these

operating costs cannot be used in the absolute sense to represent civil helicopter costs, never-
theless the information does come from a single consistent source, and does show the relative

'_ - difference in fixed wing and hehcopter operating costs, with the helicopter being more
- expensive. e e e e

The ideal source for operatind cost data is the operator himself, preferably an operator

" who charters both helicopters‘and airplanes so that the methods of operating cost calculation
~are consistent for both kinds of aircraft.-.However, most operators are reluctant to divulge

... operating cost data for competitive and other reasons, or if they do give operating costs they
. don’t want them published. This:is understandable. The next best thing then was to sample °

».afew operators ‘who charter both fixed v wmg aircraft and helicopters, and determine their rental
pr1ces Although rental'prices‘are ‘based-on- both acquisition and operating costs; they are still
" a good indication of operating costs, since operating costs over the life of the aircraft are

e . /generally higher than acquisition costs. This point will be shown later in the report. Figure 5

slllustrates the relationship between number of t passenger seats and dollars per flight hour
' isk f: _hree operators in different locations and
w1th different. operat10ns and shows.that fixed 1 w1ng a1rcraft are less expensive to rent than

PUIET ARt 4 /o{/\. .
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‘ to buy and operate than flxed w1ng aircraft. However there are tlmes and places when there
~“isno poss1ble fixed wing alternatlve to the he icopter. It would seem then that the hehcopter 's

cost in these cases should be acceptable since it is: ‘the best or only way of gettmg the job done.
i Nevertheless ‘éven operators who have these “hehcopter only “kinds of work still complain -
j about the- h1gh cost of the hehcopter The succeeding sections of the report shall explain why.




model (refe§rence 5), and the second survey was based on a questlonna1re developed by Boernc”
Vertol spec1f1cally for. thls prOJect :

2.1 ',University of Virginia Survey

Durin’cj"flm976-a queStionnaire was mailed _to\wclvﬂ'helicopter operators across the country
in order to evaluate helicopter-operations and to develop statistics which could lead to in-
creased operator; passenger, and community acceptance of the helicopter. Twenty-four ques-
~tions were asked, some of which applied to the problem of helicopter costs. Response to the
_survey was good in that completed quest1onna1res were returned by 61 commercial, 59 cor-
porate and 43 civil government hehcopter operators o

Questxon number. 22 was. concerned with passenger acceptance and asked the operator to
determme on a scale of 1 to 7 whether llttle emphasis or major emphasis should be placed on
four different approaches to increasing passenger acceptance of helicopters. The four were:

' reduce v1brat10n reduce” no1se fiiake ¢osts thore competitive with other systems, and increase

-system safety The combined results showed that more operators felt that major emphasis

.. :should be placed on reducing : noise than should be placed on the other three. However, a close

'second (168 versus 160) was to make costs more competitive with other systems. In question

23 operators were asked to rank the factors where technological improvements could most

‘aid their operations:~Out of- elght factors, direct operating cost was ranked number one, and

‘aircraft initial cost was ranked third. ‘Table 1 shows the ranking of the 8 factors by each type

_of operator and combmed Itis clear that cost is uppermost in the mind of the helicopter

_operator, but where are the costs most. S1gn1flcant" It was not the purpose of this questionnaire
~.to find out'but the answers to certain other queéstions in the survey are helpful.

Questlon number 21 was concerned w1th performance cons1derat10ns and asked the

‘ _operator to determine on a scale of 1 to 7 whether little emphasis or major emphasis should be . —

placed on six d1fferent approaches toward improving performance The six were: greater -

..range, 1ncreased maneuverab:hty, more payload, more: efficient power plant, mcreased speed

:and reduced. fuel consumption.. The combined results showed that reduced fuel consumption

ranks fourth out of sixasa factor on’ wh1ch major emphasis should be placed. Apparently the
operators were not very concerned w1th fuel consumptxon ,

_ The résponse to questions 12'and 13 g1ve sorne insight into where operating costs are high"
. ‘and Table 2 shows these questions and their responses. The answers to questions 12 relate that
. scheduled maintenance is four times the unscheduled maintenance rate. This compares with
. the ratio.of about 2 to.1 for U.S. Navy hélicopters as:shown in Research Requirements To
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- Reduce Maintenance Cost_ of Civil Hethpters (reference 6). ':The responses to question 13 show

engines to be the number 1 maintenance area followed by the drive system, airframe and

“rotors. Although the d1str1_but;on is slightly different »these four systems were the top four

contributors to the failure rate-and maintenance manhours as reported in Research Requirements

_To Improve Reliability of Civil ,Helicopters (reference 7).

1 TABLE 2 QUESTIGNS‘TZ AND 13'AND THEIR RESPONSES ~~ |~
Quest10n ‘ 7. Average . Corp Comml Gov t
12 What%ofyourtoal o

mamtenance is: ) : :

| 'So‘hed'uled; U 78.0%  796%  795% . 75.0%

Unscheduled 0 186%  15.3% 20.4% 20.0%
13, What % ofyourtoal

ma1ntenance is related to:

Engines " '27’.3% 254%  264%  30.0%
Drive System B 186% - 18.9% 21.0% 16.0% A '
Airframe  183%  20.5% 184% (7117.0%
Rotoms e 13 7%... . 122% o 1 i 9% o .sll6.0% 1
Avionics  91%  83% . 100% i;9.0%

" The results of this survey conf1rmed that hehcopter operators were concerned about direct

.. operating costs and acqu151tlon costs, that reduced fuel consumption was not that urgent when
- compared w1th other considerations, that scheduled maintenance accounts for 78% of all main-

' tenance, and that engines and drive system account for 46% of all maintenance. The results of

the next survey prov1de more deta1l on the hehcopter cost problem.

B 2.2 Bosing Vertol Survey

A questionnaire was developedto gather information from the helicopter operators pri-

- marily in the.cost area, but additional questions were:added to assist in the safety, reliability, .

= mamtamablhty and requ1rements phases of this study (references 1, 6,7, 8). The questionnaire
‘was sent to 200 operators in'the:United States and Canada Although only 36 surveys were .
o completéd: and returned, ‘these responses cover the ‘operations of 510 aircraft thereby represent-
inga s1zeable sample The ‘questionnaire- and the compos1te responses are shown on the follow-
15:ing three pages In’all icasés:the responsesi shown represent the combined answers of all three

7 types of operators, except for questions 3,4 and 5, where the responses for the civil govern-

i ment operators are shown separately since theyfare so different from the commercial and
corporate operators. The civil government responses represented the operation of about 70
aircraft:~Theresponses'to th’ese“‘questionsdiffer significantly from the Army Helicopter Cost

- Drivers Report (reference 9), and show

“danger in applying military data to civil helicopter
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 Average Annual
Helicopter Type No. of Aircraft - Flt. Hrs./Aircraft
Bell 206 222 - 43.5% §02
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Belt 212 25 - 4.9% 1000 2
Hughes 500 . 1§ - 3.5% 902 :
Y Sironsky S-58 1§ - 3.5% . 553
3. What percent of your helicopter costs are spent on:
37 __% Acquisition of the helicopters (including initial
- Spares) iy Gov't. - 5%
63 % Operations and support Civil Gov't. - 95%
4. Of your helicopter operations and support costs, what percent
are spent on: :
43.2 % Direct support maintenance (field and depot labor,
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28.3 % ; ini i .
% Personnel (salary and training for f.l:.ght crews)c‘uu‘e Gove. - 42.83
10.7 % Insurance Civdl Govt. - 3.3% ‘ . :
% .6_% Other (please specify) Civil Govt. - .5%
6 il - . . -
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i 49 % Labox Civil Govzt. - 30%
i.‘}’i :
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o operatlons The Army report shows acqu1s1t10n costs to be 25% of total hfe cycle costs, and

- operating cost-to’ be 75%. Of the operating cost, maintenance and parts are 75%, consumables
are 15% and flight personnel are 10%. Disregarding insurance and the “other” category, the
commerc1a] responses were-calculated to be 49%, 19%, and 32% respectively for the same cate-
.gories. Thé U.S. Army. labor/parts split for field labor was 70/30. Direct support maintenance

N ithen is the largest contributor to: hehcopter operations and support costs for the commerc1al

operators Whlle personnel represen s1gmficant amount and consumables is not small, these '
' costs are apparently accepted by the perator-as a cost of domg biisiness, since personnel is™:
“not mentloned Ain- questlon 6 as-a- potentlal cost«reducnon item, and fuel consumption-is- men-
t10ned mfrequently

-

The numbers shown next to the responses to questions 6 through 10 represent the
- number of times that the response was given to the question. The most important thing-that
-could be. done to reduce helicopter. costs, in the operator’s opinion, is to eliminate or extend
“TBO (time| between overhaul) intervals. Very closely related, the third most frequent answer
was to improve rehab1l1ty and ‘maintainability (R&M) TBO's cannot be extended without im-
provmg R&M. A corollary Giiestion, number 8 shows by system’ where the operators feel that
1mprovements should be made; and there are no surprises in that the rotor, engine and drive.
systems are enumerated The responses to question 7 were too diverse to draw any conclusions, .
o and quest1on 7 along w1th 9 and 10 were added to the quest10nna1re for other- ‘purposes than

The résults of the Boeing Vertol survey enable the operators’ costs to be categorized to
'+ .various levels 50 that the cost drivers can be 1dent1f1ed It was shown that operations and sup-
.port (O&S) costs are almost ‘double the acqu1s1tlon cost of the aircraft, that direct support
mamtenance accounts for aboiit 43% of the O&S costs, and that of the direct support main-
'*'tenance costs, -the split-between-parts.and labor-is.about-50/50. -Furthermore, the operators
"surveyed felt that elimination or extension of TBO's, the reduction of parts costs, and the im-
provement of R&M are thé most important things that could be done to reduce costs. In the
_ next section, the four elements that make up life cycle costs are defined, and discussions are
.given regarding their expected future behavior.-
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Life- cycle costs-are- the sum-of- research and: development (R&D), production, operational
and support costs.. Table. 3 showsithe breakdown of life cycle costsinto these categories for

AR both Army hehcopters and civil hehcopters ‘The Army numbers are based on the reference 9

report and the c1v1l numbers are based on a weighted average ‘of the commercial, corporate and
c1v11 government responses to the Boeing Vertol Survey: The acquisition cost percentage of -
32% for the commerc1al LCC breakdown: has been. subd1v1ded 1nto 5% R&D and 27% produc-

' _sumptlon that t_he pr_1ce ahehcop_t_er manufac_turer charges a commermal customer is based on
. the R&Dand production costs which go into it, and that these would be in the same proportion

for both military---and"commercialhelicopter development-and production. The operational

- category for. the civil helicopters consists of the consumables, flight personnel, and insurance;

" the support category represents direct support mamtenance It is felt that the h1gh percentage
“for support costs in the U.S. Army column, is due to the large number of personnel and fac111-
t1es mamtamed by the Army to be prepared for wartime operation. ‘

TABLE 3 LlFE CYCLE COST DISTRIBUTION

: U S Army 3 C1v11 :
Research and’ Deve10pment 4% - 5% )
Productlon S 21% 27%
Operational =~ :“ _ 19% 38%
Support AT 56% 30%

For purposes of th1s study, R&D costs mclude those funds necessary to design, develop,
test and evaluate the aircraft. They also cover prototype tooling and manufacturing. Produc-
- tion costs consist of product1on engmeermg and tooling, manufacture of the aircraft and initial
ispares. Also included are the costs of changes to the aircraft. Operational costs as used here
.are comprised of the cost of fuel; oil and lubricants; and flight personnel. Support costs include

. _the parts and labor necessary to maintain the aircraft:

H. Redd1ck in hls~ report “Army Hellcopter Cost Drrvers (reference 9) gives a good treat-
ment by category of what dr1ves the cost of hel1copters Some of his major points are included
here in the! followmg sectlons R&D costs in recent years have been affected and will continue
to be affected by the emphasis on des1gnmg and testmg for 1ncreased levels of re11ab111ty "
F1gure 6 conceptually depicts the relat1onsh1p between R&D costs and O&S costs. Increased -
rel1ab111ty is achieved through a growth process of test-analyze-fix, wherein through testing,
© failures and their.causes. are- identified and-design- changes are made so that-the failures do not
" occur-in the future As ‘more testmg is done the cost of R&D increases. However because




faxlure modes are bemg eliminated, O&S costs are decreasmg Beyond a certain reliability level
-itisno longer cost-effectlve to ‘continue reliability testing  because the cost of continued testing
wﬂl not be sufficiently offset by reduced repairs.” The top curve in Figure 6 is the sum of the

" bottom two curves:- The- optlmum reliability level-is indicated by the point where the sum of

. the two curves is at a-minimums Detalled dlSCllSSlODS and. examples of this concept can be

Lt .found in references 10 and 1 1- SR :
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Flgure 6. The l'elatlonsh]p between R&D and o &S C OSt Tt s

___.._-...uﬁ,,,,,,_,,.;__.. ! 3 2 Productlon Costs

_ Productlon cost can be d1v1ded mto non—recurnng costs such as toohng whlch is about 5%

of the product10n cost and recufring costs which cover the actual manufacture of the aircraft.
Table 4 shows a cost breakdown for 4 typical’ hellcopter “Thelargest s1ngle contributor is the -
a1rframe itself-and its costs of manufacture are directly.affected by the number of parts, the
fastener and rivet count the r1vet techmque (hand or automatlc) manufactunng techmques

wh1ch is’ dependent upon"the type*and number of stages ‘the-turbine (and-its-number-of- stages),

and the accessories, hlghest cost of which is the fuel control. Next on the list of production

plex1ty of the. a1rf011 shape Alss: addmg to blade ‘cost are the deicing and crack detectlon '
- systems:- -The-cost-of-the- second»xtem in the rotor-system, -the hub, is also.affected by the .
,'i number of parts. Transmlssmn production costs appear to be driven by the number of parts,
o  tolerances, speclal processes and in general by the complexity and critical nature of the
.. transmission.
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. cost drlvers is the rotor. The number 1 iter in the rotor system is the blade itself, and 1ts cost
s driven by the number of operations requlred in its: fabncatlon and assembly, plus the.com- ~ ~
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.33 Operatlonal Costs T e
o o LS
o Operat10nal costs in the context of thls report are composed of only two maJor 1tems,

.~ % flight personnel and consumables “In-the-U.S: Army LCC distribution; Operauonal costs are
“l split 60/40 between consumables and personnel whlle in: the civil dxstnbutron the spht is about

o j salary and trammg for ﬂlght Crews. - Consumable costs are- donunated by fuel. “The most sig

- | nificant parameter drlvmg turbme engme “fuiel consumptlon is the compressor overall ratio. -
i' The h1gher the-ratio;-the- better the fuel consumptmn -for a-given power level.. The second but.
*I much less significant variable iis turbine inlet temperature, again the higher the better Natural

iy, i msurance costs are determmed by the acc1dent rate. - o

) The fmal cost category is that of . support cost or d1rect support mamtenance It is com-
i prised of the parts and labor used to mamtam the aireraft. The : average parts/labor spht as
o reported in the Boeifig. Vertol Survey was about 50750." Support costs are a direct functron‘
i of first the rehabl.hty of the a1rcraft that is; how-often it fails or requires scheduled maintenance,
and second the mamtamablhty of the aircraft, this is, how long it takes to replace Or repair a
14 failed part and how long it takes to perform scheduled maintenance. In the University of
* Virginia Survey, operators reported ‘that 80% of ‘all malr%tenance was scheduled 'and 20% was
i 'unscheduled -Scheduled- mamtenance mcludes perlodlc -inspections-of- the aircraft-and se-
§ lected components lubrication,. greasmg, and 011 changes and scheduled removal of major
i components for overhaullat specrflc t1me between overhaul (TBO) mtervals The largest con- - {
. tr1butor to the cost of scheduled: maintenance is the scheduled overhaul of major components.
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" Although the unreliability of components tends to be associated exclusively with unscheduled
! maintenance or failures;-it-is-the-unreliability of parts which generates the requirement for
scheduled overhauls. For example, if a certain set of gears or bearings is known to have a mean
time between failure of 1,300 hours, the TBO interval for that transmission would be set at
some value less than 1,300 hours to provide for the replacement of those gears or bearings
before they are expected to fail. “Therefore, reliability impacts the frequency of both
scheduled.and .unscheduled. maintenance. . The.cost is.a function of the frequency of main-
tenance, the manhours and the cost of parts. - -Table 5 reproduced below from Research Require-
ments to Improve the’ Rehablhty of ClVll Hehcopters (reference 7), shows the reliability prob-

- lems of c1v11 heli€opters by subsystem “This table Was based-on the review of over 1,500
, Federal Avxatlon ‘Agency:Malfunction or Defect.(FAA M or D) reports for turbme-powered
. civil hehcopters for the years 1971 through 1976, and is pertinent primarily to unscheduled
maintenance.. Reference 7 also shows the top 20 mdmdual reliability problems, the top 20
: mamtenapce manhour problems and the top 15 repair cost problems of civil helicopters. An
" appendix in" that report provides-a list anda detailed-technical discussion-of these problems.
- Figure 7 shows the top 15 problems which impact support cost. An asterisk has been placed
"'_Mnext to those which contribute to low TBO intervals.

W,WTABLE 5 RELIABILITY PROBLEM DISTRIBUTION BY SYSTEM

_ 'Relatlve Unscheduled

-+ e eseesooooo o Failure - Maintenance - - Repair |
Subsystem R R '.-__'.Rater(%) Manhours (%) Cost (%)
Propuls1on (Turbme Power)+ 353 25.1 66

Drive ~ -~ 139 35 213
Rotor S 122 S 197 11.4
Airframe -~ = 19.9 10.1

andmg Gear (Floats)* AR 94\ 5.6 12
Fuel ST 5 | 1.1

Hydrauhcs e e e 4 1 .. .98

+ Only turbme-powered hehcopters were mcluded in this study , i

* An aggressive rehablhty improvement program has virtually eliminated ﬂoats
’from the problem list subsequent to the data received for this study.

This sect10n brlefly descnbed the four cost categones of life cycle cost and what factors

affect each of the. categorles Based i on th1s discussion and what was learned from the opera-

' >% tors through the two questionnaires,

ore detailed distribution of life cycle costs was com-

'~ piled in order to decide which problem areas should be worked in order to have the greatest
-~ LCC payoff: This dlstrlbutlon is‘’shown'in"Table 6: A detailed rationale for the construction
"+ of this table is shown.in the. Appendix, but the primary. goal was to break the cost contribu-
", tors down to the lowest individual item level. Thus, flight personnel is the largest individual

~ item because it cannot be further divided into any other categorles



COMPRESSOR
© FAILURES*

e = e s

SR | FuEL contROL -

3
B

TRANSMISSION BEARING‘SPALL* o

H

TURBINE'FAILURESQ

TRANSMISSION‘HOUSINC CRACKS

| TENSION TORSION PACK FAILURES* 3

BLADE CRACKS AND CORROSION*

il FUEL GOVERNOR

»GEAR.SCUFFING.ANDfSPALLINGl

; HU B B EARI NG FA I LU RE* N 1’ cien e e aoan a R T S NP
| "MAIN ROTOR MAST RETAINER NUT
HUB/SNASHPLATE CRACK o o

: TAIL ROTOR GRIP BEARING

TAIL ROTOR TRANSMISSION MOUNT SRR TR
_J SWASHPLATE BEARING FAILS* ?' DI S RO

i
;

*IMPACTS TBO INTERVAL | ,,@ o ‘;75

NOTE,E AREA OF EACH PROBLEM BAR IS PROPORFIONAL TO PRGBLEM MAGNITUDE
{

SOURCE: .'REFERENCE 7 S8 EERRN TS FEETR A FEURY RN

. Figure 7 Top 15 problems impacting support cost

2l



TABLE 6. DETAILED CIVIL HELICOPTER LCC DISTRIBUTION

%

%

% -

R&D
Production

Nonrecurring

Recurring
Airframe
Engine
Rotor
Xmsn
Avionics
Other

- | Operational

Personnel
Consumables
Fuel
Oil & Lube
Insurance
Pilot
Material
Maintenance
Other

Support
Engine
Compressor
Fuel Control
Turbine
Other

Drive
Bearing Spalls

Housing Cracks
Ggar Scuff/Spall

Other

5
27

38

30

5.00

1.35
25.65

20.46
11.15

6.39

13.59

3.72

5.0000 |

1.3500

6.4125
5.1300
2.8215
2.3085
3.8475
5.1300

20.4600 |

10.9300
.2200

3.8596
1.3100
.5048
.7156

8.3400
2.6786
1.9753

.5961

2.2575 |

9161
.3599
.1865

22,




TABLE 6 — Continued

% % %

| Rotor 5.46 -
T/T Assy. ' 2.3093
Blade Cracks/Corr. 1.0600

Hub Bearing . . .4789
Other A 16118
Airframe 1.68 1.6800

| Misc. 5.55 5.5500
Totals 100 100.00 -100.0000
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SR 0} TECHNOLOGICAL DEFICIENCIES 1

. In thls section of the report; ‘the technological deficiencies which contribute to the high
. costs of c1v11 hehcopters will bediscussed: The- problem is that today’s civil hehcopter ﬂeet
~ . which forms the ba81s for the cost data prev1ously shown, is a mix of a1rcraft of dlfferent age )

aircraft such as the Boemg Boelkovy BO-105 and the Agusta’ 109 are not in the c1v11 hehcopter '
" fleet in large numbers; while others suchas the ‘Aerospatiale 350C, the Sikorsky S-76, ‘and-the
‘. Bell 222 are not yet fully~ operat1onal Consequently, the data represents technolog1cal de- -

s be solved untll the next generatlon of hehcopters becomes ava:lable This section will discuss
- the problems, what technology is available today, and what may be available in the future to
reduce the life- cycle cost- of hehcopters ~The-approach will be-to discuss the problems in-an
“* order of pnomty resultmg from Table 6 shown in the previous section. That table was or-
- " ganized by cost category. Table 7 below rearranges that data and shows the LCC distribution
‘ : by percentagn contributed by the top =7 items. However, before discuszing each of these
© problems,isome can be elrmmated at this’ point. First of all, items 8 and 18 can be eliminated
. since no. single significant item.can.be identified which. would reduce these.categories...In ..
-~ addition, 1t has been shown prev1ously that an increase in R&D costs, and possibly producﬂon
- nonrecurrmg costs can be desirable if it will result in lower support costs, or lower acqu1srt10n
costs in the case or productmn nonrecurring. Secondly, items 5, 7, and 17 represent miscel--
laneous categories, no single item of which could significantly reduce costs. The remaining
EE 15 items whlch represent about 75% of civil hehcopter LCC will be dlscussed below.

i

? 4.1 Fl1ght Personnel '

Based-on the analyses conducted. in,this_ study, the largest single contributor to civil heli-
copter LCC is the cost of flight personnel at 20% of LCC. However, it is the problem for
which there is no solution, nor perhaps is one required. In the Boeing Vertol Survey, when

. the operator was asked what could be done to reduce his helicopter costs, only twice in 36
- questionnaires-were- people mentioned-as-a-cost- problem ‘Pilot-salaries are not excessive.
* Based on the annual Professmnal Pilot magazine survey (reference 12), salaries ranged from an
~ average low of $14 421 er’ , to an average high of $27,911 per

i

. year thé’ number of civil hehcopters operated in the U: S “and Canada mcreased by 959 (refer-
f g ence 14). As the civil helicopter fleet contmue_s ‘to grow there could be a shortage of pilots
... which would cause salaries to increase as demand increases.

The vast ma]or1ty of the hel1copters bemg operated today requ1re only one p]lot so the
T h1gh -amount-of-flight-personnel-costs-is-not- being-caused- by-arequirement-for two pilots. Two




TABLE 7. LCC IN ORDER OF CONTRIBUTION

| Past Present _Fupgre

1.  Flight Personnel . 2046 20.46 20.46

. 2. Fuel Consumption | 10.93 8.20 6.78
3. Compressor Failures ’ 8.34 6.59 5.92
4, Aircraft Production Cost % - 6.41 4.49 3.46
5. Miscellaneous Support Costs 5.55 5.56 - 2.78
6. Engine Production Cost 513 462 3.85
7. Miscellaneous Production Cost | 5.13 '5.13 5.13
8. R&D Costs 5.00 5.00 5.00
9. Pilot-Caused Accidents - 3.86 1.31 .58
10.  Avionics Production Cost 385 3.85 3.85
11. Rotor System Production Cost 2.82 - 2.54 93
12. Fuel Control| Failures’ 231 0.00 0.00
13.  Transmission Production Cost 2.68 2.47 2.20
14, Tension/Torsion Assembly Failures | 2.31 1.93 1.55
15. Bearing Spalls - 1.98 1.79 160
16. Turbine Failures 168 168 168
17. Miscellaneous Airframe Failures _ - 2.26 O.CO 0.00
18. Production Nonrecurring Costs 135 1.35 1.35
19, MaterialCaused Accidents ~ + | 131 45 20

20. - Blade Cracks and Corrosion | 1.06 18 06
Other 556 5.56 2.78
Total . 100.00 83.15 70.16

2




. ,p1lot operat10n 1s de nt upon a1rcraft complexxty and pﬂot workload. In fact, only a

few aircraft such as the S 61, SA:321 and BV-107 have a two-pilot FAA minimum crew re-

quirement. However, certain aircraft such as the SA 330 and the Bell 212, which are general-

ly certificated for single pilot operation, do require two pilots for IFR flight. The only

. recommendation in this area, is that considering the trend toward IFR certification, the goal

~ should befor single pilot!IFR certification where possible.” In summary, no decreases in flight
personnel cost are v1s1ble*m the f oreseeable future :

E %%4.-'«2A-vFuel»Go'n'sumption« »

The cost of fuel as reported in the Boemg Vertol Survey, averages nearly 11% of total
life cycle costs s for hehcopters With the world energy resource srtuatlon such as it is, this

: : topic takes on added s1gn1flcance since increasing fuel prices are mevxtable A cons1derable
-+ amount of research has been conducted in this area in association with NASA and is thorough-

- ly documented in references 15 through 18. The five technological areas which hold the
‘ promise of reduced helicopter energy consumption are specific fuel consumption (SFC) reduc-

' . tion, mcreased rotor figure of merit and cruise L/DF, parasite-drag reduction, and reduced

- empty weight through the-application of advanced-composite materials. F1gure 8, reproduced

- from reference 4, summarizes the work that has been done to date and shows the percentage
~ reduction in enerqy consumption poss1ble for each technologlcal feature. Figure 9, from
reference 18, shows the development cost per unit of energy intensity saved by each technologi-
cal area, and can be used to establish priorities. ‘The figures show that fuel consumption can_
be reduced by 38.1% if research is completed in all technological areas except SFC reduction

o for convent1onal turboshaft engines. This can be separated to be about 18.5% from 1mproved

rotor effrcrency, 11% from the regeneratlve engine, and 8.6% for reduced welght A total R&D
cost of $144 million has been idéntified in these reports as $16 million for rotor efficiency*
improvement; $55- mllhon to-reduce-empty welght through advanced materials, and $73
million for development of a regenerative engine.

The 38% reduction in fuel is targeted as being achievable during the mid-1980’s, but
what can today’s technology provide? 'In the reference 19 paper, it was stated that fuel costs

 of the Bell 222 can.be.expected. to be.25% less.than competitive models. It is assumed that

competitive models refers to older technology aircraft of the same capability. Reference 20
shows s1mﬂarly hlgh fuel cost: reductlons for the AS 350, although exact amounts are not

quantlfled Independent calciilations also shiow the Sikorsky S-76 to be in the same range as

the Bell 222 soa- 25% reductlon will be assumed poss1b1e with existing technology.

- _} 4.‘3 ', F,'c)mpressor Fallu_r_es

The reference 7 report shows turbine engine compressor failures to-be the number one

~ reliability problem, from a cost standpoint, considering the failure rate, manhours, and parts
... cost. A discussion of the compressor reliability problem described in that report is repeated

here.
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C1v11 hehcopter rehablhty data |

ita li ﬂts only’ “fa1lure as the prmc1ple malfunctmn of
the compressor. Vlrtually every internal engine failure is cause for removal
therefore, to an operator failure description is of little importance. Also, the

real failure causes and- ‘modes can usually be determined only after disassembly

S0 they are not known to: the operator

A study of many of; the same engmes used in the civil fleet. but mstalled in Army
hehcopters (ref 21) report hefollowmg as the major compressor failures modes
corros1on/ erosion-induced-vane faﬂures, blade/disk fatigue failures, diffuser crack-.
ing and leaking, compressor lining wear and cracking (unique to a partlcular
engme), and vamable stator and bleed problems o

The compressor fa1lures must be exammed in more- detall 10 see if the civil heli-
copter problems are. due to. deta11 des1gn execution. or require an advancement in
technology The problems may be solvable w1th ex1stmg technology once the

_ poor rehablhty and engme repalr may outwelgh the adverse cost and welght of

mlet screens. -

Itis irecommended that:a joint airframe/engine manufacturer effort determine
~ causes and make recommendations for correcting compressor problems. To aid

in this investigation, it is recommended that the FAA M or D report be revised
to request that add1t10nal data on failiire causes be supplied when this form is
submitted- by the- engme overhaul facility. -- : .

Smce the c1v11 hehcopter data base does not contam depot teardown/ overhaul
results, th1s discussion i 1s based excluswely on military helicopter experience.

The! development of erosion-resistant blade vane materials and corrosion-
preventlve coatings, coupled with the development/apphcatmn of effect1ve air
particle separators, is requlred to reduce the magmtude of this problem. The

'GE T700 engirnie has addressed all of these problems and a study of the effective-

ness of-R&M 1mprovements .on.the T700 is being conducted by GE for USAAMRDL.
Th1s ‘may: 1dent1fy the areas of additional R&D. testmg, however, of 240 failure -

analys1s reports f1led on the YUH 61A (UTTAS) a1rcraft w1th the GE T700
engme"_t nly 9
pressor sta}ls

In his reference 21 report, Rummel proje'cts through normal reliability growth a 21% re-

duction in unscheduled engine removals due to compressor problems, and a 29% reduction if
P rehabxhty)and ,,mam___ama
‘.. will-be-used.to.project compressor.cost reductmn for. the present and future. .

bility are emphasized: durmg engine development “These two values




...4.4_ Airframe Production Costs

.Reference 9 states that bas1c helicopter a1rframe structure cost is comprised of about 11%
for materlal and 89% for, manufacturmg Of the manufacturing costs, 30% is for fabrication
S— 'and 70% is for a_ssembly and installation. Marchmsk1 in his work (references 22, 23) showed
" Ythat the. manhours spent in_ manufactunng wete a difect function of parts count or the number -
of parts in the subassembly Another major conmbutor to manhours is the amount of hand.
 riveting Wthh takes place “The use of automatic riveting; wherever possible can reduce man-
hours by 75 t6°80 percent‘”‘ Lowcost manufacturing techniques which can reduce-costs in: - -
clude chem-mllhng, prec1s1on forging, and numerical control machining. Reference 23 showed
that redes1gn of certain major assemblies of the CH-46F helicopter to consider lower parts
count, a reduction in hand labor manufacturing and the use of lower cost manufacturing
B techmques could result in a 44 percent manhour cost reduction. Another approach which
reduces- parts count and- manufacturmg processes; is the use of composite material for struc-
_ ture instead of. the traditional skin/stringer technique. Reference 24 shows that about 7% of
the a1rframe structure of theﬂCH -53D was made of f1berglass epoxy. The study showed that
4 the all- molded fiberglass/ epoﬁmcockplt canopy costs about 64% less than traditional airframe
: structure. The Sikorsky S-76-cockpit canopy is a direct descendant of the CH-53D canopy,
- and consists-of. 3 premolded f1berglass parts.. The S-76.uses.composites extensively,.including
o Kevlar-49/epoxy, fiberglass epoxy and graphite epoxy. ‘Another example of progress being
' made in the area of airframe structure is found in the reference 20 paper, which states that
structure parts count for the AS 3507is at 300 compared with 1,000 for the Alouette II. -
.~ This is partly accomphshed through the use of molded cowlings of fiberglass resin laminates
-+ and a canopy. made of thermoformed. polycarbonate panels The only drawback to the use of
: compos1tes is that thelr materlal cost can be h1gher than metal.

o Estimates of th”e"‘tofal”‘acquisition'cost'savings"achiewiable in the-airframe structure area
' vary widely. An approximation of what can be achieved with today’s technology isacost

reduction of 30%, with a saving of 46% pro;ected for the future. This is based on a recent pre- ) A —
" sentation: by Boemg to NASA 1dent1fymg rotorcraft research areas.

A e 45 Engme Production Cost

_ Turbme engine acqulsmon cost represents about 5% of the total LCC of the helicopter.
Accordmg to the reference 25 report this cost is nearly evenly divided among the turbine,
compressor, “and accessones at29.3; 31, 2 -and 32.9 percent, respectively. The remaining
6.6% is. accounted for ¥ ‘the combustor.- This-report. presented seven areas for acquisition
cost reduct10n the most1s1gmf1cant bei ‘ manufactunng methods, advanced materials, parts
reductlon and: advancedeconcep ts for controls and accessories. In the area of manufacturlng,
the report recommended improved cast1ng techmques to allow castmg of ‘static parts Which

.« are usually forged or machined, and integration of one or more parts in a single casting or

.+t forging. Improved material utilization could also reduce costs, since it currently takes 5 pounds
of raw._material to_make 1 pound of finished product in many cases. Powder metallurgy offers
some.promise-in- this area.--With. regard:to: materlals, ‘ceramic materials are under considera-

'~ ~tion-since-they- can-operate-under high-temperature-conditions, and can reduce costs due to

3ou . wgs




i« without i 1ncrease

.the elunmatlon of. the requlrement to fabricate turbme cooling passages. In reference 25,
Balliett foresees a 10% reduction in acquisition cost attainable with today’s technology, and
a 25% decrease possible in the mid-1980’s.

..4.6 Pilot-Caused Accidents

i What we are rea]ly talkmg about is insurance, the cost of which is a direct functlon of

" the acc1dent rate. In his report ‘on the safety of civil hehcopters (reference 1), Ken Waters
' shows that about 60%- of-helicopter accidents can be attributed to the pilot, based on an analy-

sis of 293 accidents which occurred in 1975. The top five reasons for pilot caused accidents
were failure to maintain adequate rotor RPM, misjudgement of speed or altitude, improper
operation of flight controls, inadequate preflight planning, and failure to see or avoid obstruc-
tions. Four recommendations are made to reduce the number of accidents caused by pilots:

1. Improve pilot training, qualifications, and professionalism.

i 2. Improve flight opera:tionalmplanning and directives.

3. Design changes to make the helicopter more tolerant to hazardous environments
through 1mproved stablhty and control

4, Prov1de the pllot w1th an advanced systems monitor to reduce workload.

The ClVll hehcopter acc1dent rate for 1975 was 18 93 per 100 000 fhght hours The U.S.
Army rate has leveled at about 6:48 per 100,000 ﬂlght hours. For the purposes of this re-

 port; the percentage reduction from 18. 93to 6. 48'(66%) will be considered to be the per-

centage improvement poss1b1e with today’s technology. The U.S. Army goal for the future,

| .. to be demonstrated by the T UTTASWalrcraft is 3 accidents per 100,000 fhght hours. The per-

% centage e-reduction from 18.93 to 3 (85%) will be cons1dered to be ‘the percentage 1fnprovement
1achievable in the future. -~ . -

- 4.7..Avionics Production Cost
" The costs of av1on1cs packages can vary w1de1y, since the quantity and type of equipment

purchased depeénds on the operator’s needs and preferences. A typical basic package may
include-a“ transceiver; a- VOR. system an-ADF and a transpender On the other hand, a com-

_ plete avionics system supportmg‘IFR operation, can increase the cost of the helicopter by 25
. percent or more above the base pnce ‘As with a lot of electronic equipment, price reductions

over t1me are commo for certain items, and other items progress to increased capability .
: ost.”However, mﬂatlon eventually tempers many of these price reductions.
The trend-in-avionics.is away-from-individual,.quickly.replaceable cockplt panel units, and ..

toward integrated multi-function packages. This trend will result in lighter weight avionics

systems, but does not portend any price decreases. In summation, while discrete price reduc-
tmns may be seen sporadically, and individual operators may lower their particular costs, the
wards TFR and avionics ifitegration” w1ll not result in lower cost, so the avionics con-

wotchange.
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: Rotor System Productlon Cost

1
[ —
¢

Some of the most dramatic technological changes in recent years have been made in the
. rotor system. The most publicized development has been the introduction of composite rotor
. blades. Composite blades have been in production for years on the Boelkow BO-105 and
* certain Aerospatiale machmes, and will be seen in varying use on some of the new aircraft
such as the Bell 222 and. Slkorsky S-76. U.S. composite blade manufacturers include Boeing,
" Kaman, Bell and. S]korsky ‘The main cost benefits of composite blades are found in reduced -
mamtenance cost; however it is-believed-that reduced-production costs can be achieved al-
though little quantitative data has been published in this area. The reference 20 report states
that through a new automatic manufacturing process, the blades for the AS 350 can be pro-
duced at a third of the cost of the blades for the SA 341. Tail rotor developments include
the use of composites, self-lubricating bearings or bearingless hubs. Main rotor hub develop-

~ ', ments consist of the use of elastomeric bearings.and semi-rigid and hingeless rotor systems

typified by the BO-105 and AS 350 designs. The AS 350 hub parts count was reduced from
377 components to 70, with a 45% reduction in weight. Reference 26 reports a 75% cost

. savings for this hub, but again littlé or no additional published data was found which quanti-

" fied the cost savings found in other new main rotor hub and tail rotor designs. Consequently,
* the 67% blade cost reduction reported by Aerospatiale for its AS 350 glass blades will be used
as the goal for the future, while a more conservative 10% reduction in cost will be used as an
estimate of what is achlevable today. (In its OH 58 compomte blade program the U.S. Army
is using a 10% cost reduction asits goal:) S

49 Fuercqnﬁ-pr Problems

The reference 7 report givesa good description of the problems associated with fuel con-
trols, and is-repeated here:- T

The turbine engines widely used in civil helicopters have a gas generator-turbine-com-

" pressor unit and a power turbine. The-fuel control portion of the fuel system provides the
fuel management during engine starting and up to the flight range of the power turbine, ap-
prox1mately 85.t0. 100 percent of the normal flight rpm. In the upper speed range, the

‘governor controls the speed. Common malfunctions of the fuel control are improper starting
and fluctuat1ons of speed in the lower ranges. There is little corrective action possible for fuel
controls in the’ f1e1d (o] the Mmost ¢ommmon correction of a malfunctioning fuel control is to
remove and replace the umt Often a unit is removed as part of a troubleshooting operation
and subsequent test. and d1sassemb1y show the.unit is fu]ly functional with no defect.

A study of Tthe(turbiijie" engihé' reliability problems of Army helicopters (reference 21) |

*  reports the following failure-modes of -fuel control units:  Contamination occurs from the

actuating media or from the fuel itself causing sticking and binding of spools, leakage of valves,
and clogged orifices. Wear is found on moving or contacting elements. Springs, bellows, and
retention devices fail due to fatigue, with the remalmng problems due to misadjustment,
erroneous troubleshootmg, etc. (estlmates of this problem are as high as 50%).
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Doy __The problems are not defined i in deta1l in. the cwﬂ hehcopter data base. The prime engine
rnanufacturer does not usually. perform the detailed design, manufacture, or overhaul of the
fuel control and seldom has detailed awareness of failure mode and frequency of this assembly.
The area needs considerable study:to define-the problem-prior to establishing a solution. - -
Records do. indicate substantial dlfferences between: failure rates on: the fuel controls of dif-
ferent model hehcopters mdmatm 2 "chnology is present for allev1at1ng the problem

A ﬂeet evaluatlon program of: the comparatwe rehablhty of present engme fuel conu'ols
- with smular-umts protected by-better filtration.is recommended. This will document the. .
- magnitude of the possible reliability improvement and cost, weight, and complexity penalties
" of improved filtration. It is also recommended that a joint airframe/engine/control manufactur-
er effort determine causes and make recommendations for correcting fuel control problems.

This;item.is.one oflthe ‘major.erroneous-removal problems encountered in turbine heli- -
" copters. As many as 65 percent of the military helicopter fuel controls removed in the field
' _f exhibit no defect when tested in-the shop This- problem appears to be installation/interface-
, related and isa candldate for addltlonal research priér to complete problem resolution.

A field diagnostic/inspection technique is required so that erroneous removals can be
minimized. One option to be cons1dered is the development of a field-level GSE item for
off-a1rcraft fuel control checkout o

The reference 21. report projects through normal rehab1l1ty growth an 8% reduction in
. the unscheduled engine removal rate due to fuel problems, and an 18% reduction if reliability
" and 1 mamtamablhty are emphaslzed dunng development These two values will be used to
project fuel control cost’ reductlons for the present and future.

4.,10 Transmission Pr_oduction Cost

transmlssmn 7 of these components account for 63% of the production cost, and 23 parts
account. for 75% of. the cost In order to realize a significant saving in production costs, these
major components miust have h1gh priority in the design process. An advanced transrmss10n
design which is. descr1bed inthat 'eport 1ncludes such changes as ehmmatmn of the shaft
portion” of ‘th" rotor-shaft 1ntegrat10n of ‘housing and upper cover into one unit, integral bear-
ing races mth gea "shafts and- general s1mpl1flcatlon of. the assembly as a direct result of the
new arrangement Although this design was optimized for low maintenance cost, the changes
are estimated to pr ' ?a._?ZOfpercent reduction’in the production cost of the assembly. (A
contract recently a _Ad"5transm1ss10n des19n by the'U. S. Army Apphed Tech-
nology Laboratory at Fi-Eustis also has a 20% recurrmg cost reduction as-its goal:)- -

The reference 28 report describes the ma'in transmission in the Sikorsky S-76, which has
asﬂ its final reduction a bull gear w with two spur. gear inputs instead of a typlcal planetary sys-

tem. Using the s1mphf1ed system | reduces the number of bearings and gears by a significant
.amount,. andﬁprOJects a.30%.decrease in production cost. Reference 20 describes the main
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transm1ssmn in the Aerospanale AS 350 as a ‘‘very 81mple des1gn with one stage of epicyclic
gears and a couple of bevel gears.” It also states that the parts count and production cost have
been reduced by about 50%.

The Calculated average of these 3 estimates of transmission production cost reduction is
~ 33%, and w111 be used as an estimate of what can be attained in the future, while half that
amount (16 5%) wﬂl be used an est1mate of what cost reduct1on could be achleved thh
' today S technology

4 11 Tensmn-Torsmn Assembly Fallures

The reference 7 ""fé‘;‘;af"{”s'ﬁ'a“v“"v“éa*féﬁi‘bﬁ-"tar'siah assembly failures to be a significant con-
tributor to cost, based on'an analysis of FAA M or D reports, and considering manhours to
- repair and.parts cost...AA discussion.of the problem contained in the report is paraphrased here.

The tension-torsion assembly retains the blade against centrifugal forces while
pern{iitting“the“torsi‘onalj'movement“required“for‘blade'control. Catastrophic
blade loss has resulted from wirepack tension-torsion assembly failures in cur-
rent turbme ‘helicopters. As the function of the pack assembly is critical to
safe operation and any pack deterioration cannot be observed in the aircraft
installation, the packs are replaced ‘when any ‘deterioration is found at overhaul,
regardless- of how-serious:— - — -

Two forms of deterioration have been observed; first, the polyurethane cover
deteriorates from hydraulic, oil, or other fluid contamination. This becomes
evident from the blistered appearance. (Cover deterioration is a possible cause
of .pack-failure.).-Second,-broken wires.protrude through the cover. Although
the pack consists of multiple wire windings, the assembly shows little sign of
redundancy and actsasa single load path for blade retention.

It is probable that continued effort will soon result in complete understanding
of problem causal. factors and solutions of the wirepack problems. Other ap-
proaches for the blade retentlon problem which have been successfully used
are the followmg h o : :

1. : A series of. angular-contact ball bearmgs sharing the centrifugal load.as a
thrust load on each bearmg

2 Many parallel stamless-steel straps carrying the centrifugal load as a shared
~ ‘ | tension load and twisting. to prov1de blade pitch freedom.
3. .‘"Many parallel metal bars carrying the centrifugal load as a shared tension

load and twisting to provide blade pitch freedom.

4, Elastomenc bear1ngs in compress1on
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e These approaches are 1n use and as far as is known, none has resulted in a safety-
of-flight problem. - Some offer positive redundancy in load path and better in-
spectability of condition. Some require a configuration change to the rotor
he‘ad: "Weight and-cost may'“bet-slightlyaffected adversely.

PG s Bearmgless rotor hubs W1th a torsmnally ﬂexlble composite element to retain

the blade are under development and offer promise of weight and cost savmgs

and rehablhty and rriamtamablhty 1mprovement Continued development of -
bearmgless compos1te hubs is- recommended

- - The magnltude of thls problem is a: result of the use of a specific method of blade cen-
+ trifugal rétention, and other de51gn approaches for blade retention have virtually éliminated
- the problem -

__4:12 Transmission Bearing Spalling

The ;;cuscussmn of th1s pro blem’ from the reference.7 report follows:

Spalling (or flaking) of bearing is the result of fatigue failure of the contacting
surfaces. If the bearing is properly made, mounted, and lubricated and the loads
are not excesswe bearmg spallmg should occur only mfrequently

Common problems found to contnbute to: transrruss10n bearing spalling are the
followmg ‘ o

1. 'Unantidip’ated loads, ih excess of the design load spectrum.

2. Lack of cleanlmess of the bearmg mater1al ‘Inclusions or flaws act as
- origins for’ mc1p1ent failure.

3. ?H'M1sal1gnment or other assembly cond1t10ns such as to cause an unanticipated
- distribution of load

4. :"'Improper sur ,fimsh of the ball, roller or raceway paths such that lub-

ncat1on breakdown occurs

ORI, SRR S

is not a generic problem to the c1v11 hehcopter of the magmtude indicated but rather
a par_tmular problem in design execution. Although the magnitude of this problem

may be biased by this one specific bearmg, bearing spalls are the cause of more than
19 percent of all military helicopter transmission unscheduled removals.
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¢ s ____The partlcular p,x:o_hlem in the one hehcopter “model that drove this fallure cause
‘ to the predormnant problem list appears to be a matter of design execution. Cor-
rection is probably impaired by cost and welght changes and the necessrcy to

change mterfacmg components.~ "

1. i,Bearmgs of VIM VAR processed steel (MSO or 9310 vacuum-mductlon-
“melted or- vacuum-arc-remelted) with the forged billet ultrasonically

" “inspected. This material gives fewer and smaller inclusions for possible”
fatigue failure ;mt;at1on thansingle vacuum-arc-melted steels with con-
;.vaventional'.inspection.hte'chn'iqUes. .

2. _f?llmproved quahty assurance of cr1t1cal bearmg charactenstlcs such as sur-

-pred1ctable load—carrymg ab1l1ty

3. gi‘Smce spallmg 1s a load-sens1t1ve characteristic; increasing the size of the -

j 'bearmg w1]l reduce the surface- contact stresses. The bearing life increases
_as the inverse of the 7th or 9th power of the contact stress ratios if all
" other factors remain unchanged. This approach does carry a weight
. penalty but, since total weight of transmission bearings is about 7 percent
- =~ - -of the transmission assembly weight (ref. 27, Figure 18), a trade of this

f,:sor.t .(weight;.increase.tb.increase'reliability)may be in-order. The problem
could-then be seen in proper perspectiVe. : »

The: followmg approaches in the area of advanced technology may further re-
duce'the transmlssmn bearmg spalhng problem

1.  The éivil hel1copter fleet has moré freedom to use lubricants more
~ ~suited-to-the- speeific- apphcauon than does-the military, which relies on-
' a universal lubricant, suitable _for all apphcatlons and environments (but
 possibly. opt1mum for none)../Research shows that for many helicopter
" applications, stra1ght mineral oil gives about twice the life of the military
?iﬁ;lubrlcants One concern-is that introducing more lubricant types could
'f;..fcreate add1t10nal longtICS (supply) problems

" 2. 1Contmued mater1als research to develop stlffer transmission housmgs and
06 __bearing. matenalsmwnh better. load-carrymg characteristics.

P 3. Vibration reduction to reduce unant1c1pated loads upon the bearings.




..é}:iﬁ _Turbine Failures

Reference 7 describes the problems associated with the power turbine section of turbine
engines:” . e e .

funct10n of the engme V1rtua11y every mternal engine failure is cause for; removal
so to"an operator fallure ‘description is of little importance. The real failure causes -~
and modes.can. usually be determmed only after disassembly, so they.are not known .
to the operator. :

A "s"tﬁdir'"'"“o"'f ‘Army turbine engines made to determine R&M factors (reference 21)
covered many of the same-éngines-used in the civil helicopter fleet. This report
gave the following as major: ‘turbine failures modes: nozzle band cracking, nozzle

' support structure wear/crackmg, nozzle erosion, burnmg and sulfidation. Blade/
Wheel cracklng is an infrequent faxlure mode. This area is safety-impacting and is
glven a'proportionally” larger amount of design attention. The major R&M problem,
then, is caused. by thermal stresses thermal weakening, and the erosive effects of
the hOt gases S S

The ”civilheli'cop't”er'fturbinéf failure data base should be expanded to allow exami-
nation-in greater-detail:- While some ~problems~»appear~to'be alleviated -by existing
design techniques, the inevitable use of higher turbine pressure ratios and operat-
ing temperatures and the trend to increase power-to-weight ratios make this an

' area for: continued research A joint airframe/engine manufacturer effort is

_ recommended to deterr_mne causes and resolution of turbine reliability problems.

Sinée ‘the civil helicopter data base does not contain depot teardown/overhaul
results, the discussion below is based exclusively on military helicopter experience.
The use of cast nozzles and slotted inner/outer nozzle bands, along with the de-
velopment and apphcatlon of 1mproved materials, directional solified alloys, and
improved coatings to resist sulf1dat1on would be a great step toward reducing the
magnitude of this problem, Analogously, development/application of turbine
engi'ne fuels with lower sulphur content would have a highly beneficial effect upon
turbme reliability. - A materlals/coatmg development program is recommended to
allev1ate future turb1ne area problems A

The reference 21 report prOJects through normal rehab111ty growth a 19% reduction in
the unscheduled engi) \ te due to turbirie ‘problems, and the same reduction even
if R&M-were: emphasmed‘durlng; development -For piirposes of this report,-a-19% cost reduc-
tion will be assumed for future engines, w1th half that amount (9.5%) achievable with today’s
technology.
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L e ST : : 4.14 Material-tcau_sedt,Accidents

This problem directly affects the helicopter operator s insurance costs. The reference 1

¢+ of manufacture “oruoyerhaul No niew technoloqy is foreseeable at this time to“reduce th1s o

type of acmdent howeve .‘research to’ 1dent1fy the prime factors in matenal caused acc1dents '

is necessary "As with: pilot t-caused acc1dents (par. 4.6), there is no reason to expect that civil™

", operatorsjcannot achieve:the lower -accident rates'exhibited by the ‘military, so for purposes

_ of this study the prOJected reduction in material-caused accident rates will be the same as for
pilot- caused A 66% reductlon is considered possible with today’s technology, and an 85%

reductlon should be the goal for the future

The problems of metal bladesarewell knoWn and documented, and may soon become

history with the advent of compos1te blade technology ‘Reference 7 gives a brief discussion
-~ which is repeated here : :

The metal blade cons1sts of an alumlnum extruded spar W1th an alummum sheet-
metal fa1rmg bonded to: the tra1lmg edge. Common failure modes are cracking

4 (predommantly in the borid areas) and eorrosion. THese are not safety-of-flight
problems but must -be corrected before they progress to that stage. This blade con-

~_cept, while initially i inexpensive, is very. d1ff1cu1t ‘to repair and so a large proportion
of damaged blades are scrapped The blade is susceptible to FOD. Repair of dents
makes the blade suscept1ble to further cracklng of the dented area, resultmg in
subsequent scrapplng - -

The flberglass composxte blade is much less suscept1ble to bonding cracks, denting,
FOD or corrosion.. Although the initial cost of this blade is presently high, with
mcreased product1on quantities the initial costs are projected to be similar to
metal blades. -Repair- has ‘been simple-and-inexpensive, resulting in low life- cycle

costs

taneously prov1d1ng a we1ght/perfo ‘mai rovement wh1ch can be apphed :
for rehablhty 1mprovement elsewhere if the hehcopter T -

bl An analysis performed in-house at Boeing shows a potential blade operating cost reduc-
- tion_on the order of 83% for the U.S, Navy H- 46 aaircraft with fiberglass blades. A similar
T analy51s performed in. support of an Ariy" contract to design an OH-58 composite blade




_showed a potent1al blade operatmq cost reductlon of 95%w These two values w111 be used as
the range of achievable improvement with present and future technology. The reference 29
report which discusses the composite rotor system experience of the BO-105 after one million

- blade hours, calcdlates*a:fatigue"-lifeof -22,000 hours for that blade.

4 16 Summ" '

Based on the d1scussmns contamed 1n th1s sectlon Table 7 has been augmented to 111us-
trate the LCC reductlons wh1ch are poss1ble with. today’s technology and technology of the.

" future. This is shown in Table 8. The first column shows the total life cycle cost normahzed

to 100, and the cost. dnvers for civil hehcopter operators. The second and third columns were
calculated based on the percentage cost reductions which were explained in this section. The
present technology column is based primarily though not exclusively on what may be seen in

- the latest generation of aircraft.(e.g., S-76, B-222, AS 350), while the future column will not
" be ach1evable without add1t10na1 research. (Some research may still be necessary to demon-

strate some of the cost reductlons expected in the present technology column )

Finally, some of the technolog1cal improvements in one area have a carryover effect into

- another area. For example, the rotor efficiency research to reduce fuel consumption also

- projects a 6. 75% reduchon in operating cost. To account for these compound benefits, the
", final category in Table 7 — “others”, and the miscellaneous support costs have been reduced

“ ! by 50%.

 Figure 10 illustrates these projections graphically.




TABLE 8. CIVIL HELICOPTER LCC IMPROVEMENT

% Reduction

Past ?x_‘t_esen’t Future
Flight Personnel 20.46 2046 2046
Fuel Consumption 10.93 - 8:20- t 678 e
Compressor Failures 834 659 sez|
Airframe Pfoduction Coét 6.41 4.49 3.46
Miscellaneous Support Costs 5.55 5.55 2.78
Engine Production Cost 5.13 4,62 3.85
Miscellaneous Production Costs 5.13 5.13 5.13
R&D Costs 5.00 5.00 5.00
Pilot — Caused Accidents 3.86 1.31 58
Avionics Production Cost 3.85 3.85 3.85
Rotor System Production Cost 2.82 2.54 .93
Torsion Tension Assy. Failures 2.31 0.00 0.00
Fuel Control Problems 2.68 2.47 2.20
Transmission Production Cost 231 193 155
Turbine Failures 1.98 1.79 1.60
Miscellaneous Airframe Failures 1.68 1.68 1.68
Transmission Bearing Spalling 2.26 0.00 0.00
Nonrecurring Production Costs 1.35 1.35 - 1.35
Material — Caused Accidents 1.31 .45 .20
Metal Bladé Cracking & Corrosion 1.06 .18 .06
Others 5.56 ° 5.56 2.78
Total 100.00 83;15 70.16
16.85 29.84
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Although httle attenﬂon was glven to- management deﬁcrenmes in th1s study, a few com-
ments are/in order. One’ of “the hiost fréqiient cornplaints of the helicopter operators had to
do w1th the regulatory env1ronment surroundmg hehcopter operat1on that i is the FAA (see

less than 4°/o of all civil. a1rcraft over 20% of all FAA Alrworthmess Directives were directed
at the civil helicopter fleet (see-also response 5 to questlon 6 in the Boeing Survey) Th1s seems

to be penahzmg he11c0pter operators dlsproportlonately

Regax:dmg the manufacturers many operator criticisms concerned manufacturer disinterest —

both in des:gmng the, hehcopters and in service after the sale. Some operators felt that com-
. mercial hehcopters were nothmg more than warmed-over military designs. Perhaps the newer
i "helicopter breeds will help to dampen this criticism. Operators also complain about parts

. costs and availability, and reduction of ‘componeént service lives, and the trend toward com-
, ponent v.w")arranties will help.. to,.al_lev'iate.. these..,problems. :

On the other hand, perhaps the operators expect alittle too much in certain areas. Some
expect parts and service pohcles 5 be equal to the well-established automobile service organi-
zations, and parts prices to be similar. A recent article in-Professional Pilot Magazine (refer-

. ence 30) C1ted excess1ve ‘price increases for helicopter parts between 1974 and 1977. In fact

some of the prlce increases were high, but the calculated average increase was 35.6%, which
is lower than the DoD prlce mdex of 36 3% for commerce and 1ndustry purchases for the

Due to the w1de vanety of TBO (time between overhaul) intervals in existence for the
current 01v11 hehcopter fleet, it was not poss1ble in this study to estimate the contribution to
LCC of scheduled overhaul’ of major dynamic components. However, elimination or exten-
sion of TBO intervals-was-the-most-frequently-used-response by: the operators to.the question
of how costs could be reduced, when asked in the Boging Survey. A discussion of this prob-
lem is contamed in referénce 6. :M'e'thods of establishing TBO's vary and are not always con-

sistent nor r1gorous The only good reason for a scheduled overhaul, is to prevent the failure

cussion of the on condmon mna nance concept as 1t apphes to transmlssmns, and the
prmmples are- equa]ly apphcable to othEr components as well. ‘Some of the R&M-oriented
research 1dent1f1ed ifi this st’ﬂy'wﬂl“also permit the extension -6f TBO intervals and service:
lives, butthe exact cost impact has not been calculated.
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This section describes seven: research programs required over the next 5 to 7 years to
achieve the reduced. hehcopter hfe cycle costs descr1bed in Section 4.0

6 1 Reduced Fuel Consumptlor_; TResearch
' 2 7 Years

i
é

The research required to achieve a 38% reduction in fuel _consumption as described in
reference 4, consists of three programs, improved rotor efficiency ($16 million), development
of a regenerative engine ($73 million), and reduction of aircraft empty weight ($55 million).
These research programs are described in detail in references 18, 16 and 17, respectively. In
terms of payoff the rotor efficiency research offers the best return on investment.

‘6.2 Engine R&M Research

The three contributors to engine operating cost are the compressor, turbine and fuel
control. :For purposes of R&D, ‘the three problems should be combined into one study Wthh
would define the most cost-effective methods of reducmg failures of these three items in
helicopters;-and- structure_a research-and-development program to design test and .qualify an

- R&M-improved turbine engine. Full details should be defined by an engine manufacturer.

6. 3 Airframe Production Cost Research
$2 Million - 5 Years
Th1s program would have to. be reconcﬂed mth the reduction of empty weight research,
to assure that the programs complement each other. Since raw materials for composite
structure are more expensive than for metal structure, the purpose of this research would be
to seek ways of reducing material cost, and-to advance the composite design and fabrication
techmques required to maximize ‘the advantages.of reinforced composites. The result would
be the des1gn constructlon and testing of composite structural modules.

e I 6 4 Engme“ Pr‘oductlon Cost Research
5 B $3Mllhon .. ... 5Years
Research to reduce the acqu1s1t10n cost of turbme engmes would consist of the refine-
ment of manufacturlng techmques to use constructlon materials more eff1c1ent1y, also con-
sidering new-technology -such-as- powder metallurgy ‘Advanced: engine materials such as
ceramics-should be developed, parts count should be lowered, and advanced concepts for

.controls and accessories should be cons1dered Full details of such research should be defmed

by an ‘engine manufacturer.



4 Years

In order toreduce helicopter-operator insurance costs, research in the area of safety is

_ required. A complete. helico'pter safety R&D program is defined in the reference 1 report. The
', only add1t1onal recommendation-here is ‘that the' ‘program be implemented over 4 or 5 years,

and that more of the fundm j'be -redlrected ,_toward solvmg the problem of pﬂot-caused o

5 6. 6 Rotor Productlon Cost Research
$2 Million ) 3 Years

The maintenance costs of composite rotor blades are significantly lower than the costs of

+ metal blades .The next step is to ensure. that. composite blades can be produced more economi-
"' cally than metal blades Part of this research program would be to refine composite blade
- manufacturmg techmques and to examine the possibility of reducing material costs. Secondly,
= bearingless main rotors suiclias the one wnder development at the Boeing’ Vertol Company, have
- been demgned and- pl‘OJeCt lower acquisition costs than conventional rotor systems. The rest
 of the research in this program would be for production cost verification, through the optimi-
© zation of tooling and manufacturing techniques réqtiired to produce bearingless main rotors.

: , ,$9 Mi]liori. 7 Years

The problems of hehcopter transm13s10n production cost and bearmg spalling which were

- discussed in Section 4.0 wotild be addressed in an integrated program to develop an advanced

technology helicopter-transmission.--Although other drive system problems such as housing

* and mount cracks, gear scuffing and spalling were not identified as major LCC contributors,

others will argue that their costs are significant, and these problems would also be addressed in
this research program. Reference 27 describes a complete research program to develop an

~ advanced technology transmission ata cost of $10 million, however, work sponsored by the

i1 mission types L

. U.S. Army. Applied.,.TechrlologymL-_abwis.already...going.on at. Boeing Vertol to begin development

at nearly $1 million so the cost of the recommended program has been reduced to $9 million.

6 8 Slze Conflguratlon MlSSlOIl Apphcabzhty

Except for the engme-orlented research whrch apphes only to turbme engines, the re-
search described above has general applicability to helicopters of all sizes, configurations and




This study 1dent1f1ed the m

" three largest cost’ contnbutors were ﬂlght personnel fuel and engine mamtenance Based on
‘ ”‘{’ life cycle costs would 'decrease by abopt 17%.- Conmdermg advanced technology, 1t was pro~ -
«. jected that hehcopter hfe i cle costs could be reduced by about 30% The followmg research .

e Redu’ce_diFue,l -.Consq.rnréﬁtion;,
‘e Airframe Production Cost |
e EngineProductionCost

" e Rotor System Production Cost

e Advain_ced Tfansmiss_:ion'f“
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The purpose of th1s appendlx is to prov1de the rationale behind the development of table
_;61nSect1on3 L

_ The f1rst step was: toé ombme t c1v1l govemrnent and commerc1al operator d1str1but10ns
( "’ shown in the responses to. ‘questions. 3 and'4 on the Boeing Vertol Survey in Section 2. This

" was done by a’ ‘weighted-average based-on the number of helicopters operated by each group.
(Since there were so few.corporate responses, these were combined with the commercial

. operators. ) Civil government agencies operate 17% of the civil hehcopter fleet (reference 14),

- 80 the percentages in questions 3 and 4 calculated for the government operators were given a

- weight of 17%, and thé percentages for the commercial operators were weighted at 83%. This
~* resulted m the following-distri-butions:- -

32%; Acqu1s1t10n -
68% Operat10ns and support
42.8%  Direct support mamtenance
16.4% - HConsumables (fuel o1l lubr1cants)
30 8% F11ght personnel
9.4% ?‘M‘Insurance
06% | Other

, The next step was to red1str1bute the costs into the four categories of R&D, production,
operational and support..The 32%.of acquisition cost was split into 5% R&D and 27% pro-
duction, using the relat1onsh1p shown i in reference 9 (4% and 21%). The 68% operations and

support cost was distributed as follows
16. 4% Consumables _ |
30.8%  Flight; Pers°nnel - ‘
9.4% Insurance
56@% - of O&S is for operatlonal costs x 68% = 38 48%

68.0()% . _Operat1ons and support B
—38. 48% Operat1onal DO
29. 527 . FORE

. The spl1t between operatlons and support costs then is 38% for operat1onal costs and 30%
.. for support costs. This completes the first column of table 6.

The second column is a slightly more detailed distribution of the four basic cate-
gories. The 27% of production costs were distributed into 1.35% nonrecurring and 25.65% -

(e«
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: :,recurnng accord.mg' to_the. ratlo in reference 9 (5% and 95%) The 38.48% of operational

- costs were distributed accordmg to the weighted average ratios from the questionnaire, as

- follows: -
Consumables . - 16:4% - .%  56.6% = 29.0% X 3848 = 1L15%
thht PersonneIMSO 8A % 566% ..=..544% X . 3848 = 20 94%.
56 6%...= ..16.6% X 3848 . ?=_ 639%f |

Insurance SR 791 4%
1 RS

,,,,,

- In order that all columns would total certam hbertles were taken in rounding, wh1ch donot
. s1gmflcantly alter the results o

et Fmn N JRr—— SN

The 30% of support costs were d1str1buted by subsystem accordmg to relatlonshlps es-

tablished i ln the reference 32 and 33 reports. These reports give detailed figures by subsystem

. for the U. S Army OH-58 and UH-1 a1rcraft A welghted average was calculated based on
civil hehcopter ‘hours flown by the civil versions of these aircraft. Bell 205 and 206 helicopters

(9% and. 91%, respectlvely) The. dlstnbutmnwwas calculated as follows:

Engine  453% X 30% = 13.59%
Drive~ -~ ~12:4%- - X—30% = 3T2 -
Rotor . 182% j‘xf ~30% . = 5.46
Rirframe~——5:6%— X 30% = 168%
( | | 24.45%
- Miscellaneous oo -5.55%
| | | 30.00%

“ ! This comp'letes*‘the‘vsecond'"column of table 6.

The th1rd column breaks down the cost contributions of column 2 where possible. Using

~the distribution of product1on recurring ‘costs shown in Section 3, table 4, the 25.65% of pro-

duction recurring was separated by subsystem. It was assumed that 98% of consumables

‘. costs were-for fuel;- resultmg in-the-11:15% for consumables being split as 10.93% fuel and
© - 0.22% oil and lubr1cants Insurance costs were distributed according to the accident causal
; factors contamed in refer

'Fmally, subsystem support costs were further broken down
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